We report absorption spectra of the 7.3 and 11.3 nm Co nanolayers, and emission of a structured Co nanolayer. The structure contains a 7.3 nm Co nanolayer covering a 25×25 mm 2 fused silica substrate, with a thicker 11.3 nm Co track in the middle of the substrate. We report that the radiation energy absorbed by the entire Co nanolayer is transferred to the thicker nanotrack. The transferred energy is reemitted by the track, with the emission spectra containing well defined emission bands, strongly dependent on the excitation wavelength. We report that the bands appearing in the emission spectra of the nanotrack correspond to the transitions from the higher electronic excited states of the nanotrack to its first excited state. We therefore identify the observed emission as the superemission of the Co nanotrack. The superemission quantum yield is dependent of the excitation wavelength, decreasing at higher excitation energies. We propose a theoretical model that explains the results obtained. The model analysis produced estimates of several model parameters.
I. Introduction
Many interesting physical phenomena are observed in nanoscaled systems [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Among these, plasmon generation in nanostructures was studied quite extensively [1] [2] [3] [4] . The electromagnetic field radiation could be focused to nanoscale spot size using nanocapillaries and nanofibers covered by a highly conductive material, typically gold [1] [2] [3] [4] . Oulton et al. (2008) 14 proposed a new approach that integrates dielectric waveguiding with plasmonics. They 14 defined a hybrid optical waveguide as a device that consists of a dielectric nanowire separated from a metal surface by a nanoscale dielectric gap. It was noted 15 that coupling between the plasmonic and waveguide modes across the gap enables 'capacitor-like' energy storage that allows effective subwavelength transmission in non-metallic regions. They also 14 demonstrated that in this case surface plasmons can travel over 40-150 μm with a strong mode confinement. Maier et al. (2003) 15 studied electromagnetic energy transfer from a localized subwavelength source to a localized detector, over distances of ca. 0.5 μm in plasmon waveguides, built of closely-spaced silver rods. The waveguides were excited by the tip of a near-field scanning optical microscope, and the energy transport was probed by fluorescent nanospheres. These studies 14, 15 are directly related to the data than we reported earlier [5] [6] [7] [8] [9] [10] [11] [12] [13] , with quantum confinement always observable. We also reported exchange-resonance spectra for three-nanolayer sandwich structures, with nanolayers of different physical and chemical nature, and spin-polarized state transport in the same structures.
Interesting results were obtained in a single-atomic-layer graphene (SLG) film 16 , due to the pwave triggered superconductivity in graphene layer on an electron-doped oxide superconductor.
Electron pairing in a vast majority of superconductors follows the Bardeen-Cooper-Schrieffer theory of superconductivity, which describes the condensation of electrons into pairs with antiparallel spins into a singlet state with an s-wave symmetry. Unconventional superconductivity was predicted in SLG, with the electrons pairing with a p-wave or chiral dwave symmetry, depending on the position of the Fermi energy with respect to the Dirac point.
By placing SLG on an electron-doped (non-chiral) d-wave superconductor and performing local scanning tunnelling microscopy and spectroscopy, the authors obtained evidence for a p-wave triggered superconducting density of states in SLG. These results offer a new exciting route for the development of p-wave superconductivity using two-dimensional materials with transition temperatures above 4.2 K 16 .
Earlier we have reported superemission in metal nanolayers and vertically aligned carbon nanotubes 17, 18 . We also reported absorption, emission and superemission in Cr nanolayers 17 , providing experimental estimates of the energy density and power density of superemission of Cr nanolayers, along with the estimates of the diffraction-limited light divergence. We reported that the divergence of the superemission normal to the nanolayer corresponds to that of a point by the shutter opening times of the deposition system. The Co nanotrack was created using a variable-width slit. Figure 1 shows the diagram of the structured nanolayer sample.
<Insert Figure 1> 
Measurement methods
The absorption spectra were recorded on a Hitachi U-3900H UV-Visible and Shimadzu UV-3600 Plus Spectrophotometers. The spectral peak maxima and widths were calculated using the DET10A Biased Si Detector from THORLABS), after passing through a neutral density filter.
The data acquisition system was controlled by a PC computer, using a digital oscilloscope (WaveSurfer 400, LeCroy). The detected emission was selected by an appropriate interference filter. The presently developed experimental methods allowed recording the time evolution of the emission with 2.5 ns resolution. All of the experiments were carried out at 77 K, unless expressly specified otherwise.
II. Results and Discussion

Absorption spectra
Absorption spectra of separate Co nanolayers with 7.3 and 11.3 nm thickness deposited on fused silica substrates are shown in Figure 2 .
<Insert Figure 2> The recorded spectra are in agreement with the data reported earlier 19 , however, some difference should be noted in the band intensity distribution and small band position shifts, as compared to the spectra reported earlier 18 . These differences may apparently be caused by differences in the sample preparation procedure, as the earlier reported samples were not annealed 19 , contrary to the samples used in the present study. Note that we have not attempted to explore the effect of the annealing upon the absorption spectra, however, we assume that as a result the nanolayer with acquire a structure with a lower concentration of defects. This should have some effect on the spectra, as least due to increased film density and smaller film thickness. We found that the spectral maxima are well described by the relation [ ]
Here, for the Co nanolayers, f = 0.1712, n = 8 or 9, a is the nanolayer thickness in nm and m is the quantum number change in the electronic n → n + m transition. To obtain the correct transition energies for the band maxima, we used n = 8 for a = 7.3 nm, and n = 9 for a = 11.3 nm.
Emission spectra
Taking into account the spectra of Figure 2 , we studied the emission properties of the sample assembly shown in Figure 1 . The sample was excited by an external radiation source, with the excitation beam normal to the sample surface. As we already noted, the beam was defocused, so that the entire sample surface was excited homogeneously. We recorded the emission spectra for the excitation radiation with the wavelengths of 528.5, 376.5 and 286.9 nm, respectively, separated from the emission spectrum of the Xe-Hg lamp by appropriate interference filters (Optical Filters Inc.). We report that in all cases the strongest emitting zones were located at the two extremities of the Co track (see Figure 1) , with Figure 3 showing the respective emission spectra.
<Insert Figure 3> The emission spectra were fitted by a superposition of several bands, each described by a combination of Gaussian and Lorentzian functions:
, ω i are the fitting parameters describing each of the two functions, respectively, and i is the band number. We fitted the emission spectra using commercial PeakFit software package. The resulting values of the fitting parameters are presented in Table 1 .
<Insert Optical transitions that correspond to the bands appearing in the emission spectra of the 11.3 nm thick Co nanotrack are described by the quantum numbers shown in Table 1 . The higher n' excited electronic states of the Co nanotrack are populated by energy transfer from the excited states of the 7.3 nm Co nanolayer. Thus, the Co nanotrack is an energy acceptor, while the thinner 7.3 nm Co nanolayer is an energy donor. Since no transitions to the n = 9 are observable in the emission spectra, we interpret the emission as the superemission of the Co track. Note that only those bands appear in the emission of the 11.3 nm layer that have their energy below E exc -2384 cm -1 , the latter value being the energy difference between levels 9 and 10 in the 11.3 nm film, compare Tables 1 and 3 . Earlier we reported superemission (SE) from a homogeneous metal nanolayer that was excited directly 13 , while here the nanotrack receives excitation via energy transfer. We measured both the excitation pulse energy reaching the sample surface and the SE pulse energy. The ratio of SE energy to the excitation energy equals 0.73 (1), 0.58 (2) and 0.39 (3), respectively, for the respective excitation wavelengths of Fig. 3 . This ratio is the SE yield. We shall describe the model used to interpret these results below.
Time resolved emission
Time resolved experiments were carried out using the same excitation wavelengths of Fig. 3 , with the relevant emission band isolated using an appropriate interference filter: (1) -740 nm;
(2) -570 nm; and (3) -320 nm. Typical emission kinetics are shown in Fig. 4 .
<Insert Figure 4> The kinetics of Figure 4b may be fitted by a double-exponential function
here k 1 and k 2 are the rate constants of the emission growth and decay, respectively, and C is the relative intensity. The values of the fitting parameters are listed in Table 2 .
<Insert Table 2> 
The solution of this system is given by: 
Thus we obtain
The respective experimental values are presented in Table 2 , and will be discussed later. To separate in (6a) the rate constant k' 1 In these measurements, the oscilloscope was triggered with 5 ns delay after the. The decay kinetics were fitted using the relationship values (see Table 2 ), which describe the emission decay rate of the 11.3 nm Co nanolayer. Using these results, we calculated the values of the k' 1 rate constant, also listed in Table 2 .
Modeling analysis of the superemission
The referential used is shown in Fig. 1 ; the model assumed the existence of a common continuum spectrum of states quantized in the horizontal plane (defined by the x and y axes) for the entire sample. This continuum spectrum only weakly interacts with the discrete spectra of the 7.3 nm nanolayer and the 11.3 nm track, quantized along the z direction. The energies of the electronic transitions between the electronic states of such nanostructures are described by the relationship (1), with the calculated values listed in Table 3 . Table 3 . Calculated energies for the experimentally observed absorbance transitions in the two nanolayers, cm -1 (n → n' transitions).
Band number a = 7.3 nm a = 11.3 nm Energy n n' Energy N n' 1 18922 ** the bands excited by energy transfer from the 7.3 nm film.
Comparing the absorption and the emission bands, we conclude that the emission transition occurs into an excited state; therefore we conclude that superemission takes place. In the emission spectra (2) and (3), we additionally observe lower-energy transitions with significantly lower intensities as compared to the main emission band (Fig. 3 and Table 1 ), apparently resulting from the subsequent relaxation of the initially populated state.
The presently discussed energy transfer between the 7.3 nm nanolayer and the 11.3 nm nanotrack might occur by both exchange and dipole-dipole mechanisms 21, 22 . The rate constant of the energy transfer may be described by the golden Fermi rule 23, 24 presented as follows:
where the D and A subscripts refer to the energy donor (7.3 nm nanolayer) and the energy acceptor (11.3 nm nanotrack), V DA,Exch and V DA,dd are the matrix elements of exchange and dipole-dipole interactions coupling the initial state: 
here r 1 and r 2 are radius-vectors defining positions of the two electrons in space, in the referential defined in Fig. 1 . The dipole-dipole interaction is given by the Förster formula: 
where θ is the angle between the z axis and the r vector direction. Averaging over the angles, we obtain:
( ) 
We calculated the value of the matrix element
using a homemade FORTRAN code, with the results of these calculations listed in Table 4. <Insert Table 4>   Table 4 . The calculated values of the matrix elements, the energy transfer rate, and the effective state density ρ A (E D ). Taking into account the value of k' 1 = k DA (Table 2) , Eq. (7) and the R values, we estimated the values of the effective state density ρ A (E D ) = (k' 1 /R), also listed in Table 4 . We believe that the high effective state densities in the acceptor result from the interactions of the discrete states with the continuum of the electronic states generated in the xy plane of the assembly. Presently we are not analyzing these interactions, leaving this task for the future ab initio calculations.
Taking into account the data of Table 2 Table 4 ). Assuming as a rough approximation that the emission lifetime is independent on the excited state (m 2 ), we conclude that the radiationless relaxation rate constant increases by a factor of 4 as m 2 grows from 5 to 9. A very similar behavior is in fact observed experimentally, as the lower-energy emission bands are progressively weaker than the principal band (Table 1 and Fig. 3 ).
These results are quite notable as refers to the energy transfer from the excited state of the 7.3 nm Co nanolayer with a macroscopic surface area to the 11.3 nm Co nanotrack. Here the nanotrack works as an energy trap, with a larger state density and lower-energy excited states.
Apparently we observe quasiresonant energy transfer, as presented in Fig. 6 .
<Insert Figure 6> An external excitation source induces n = 8 → n = 11 transition in the 7.3 nm Co nanolayer (Fig.   5 , the potential box at the right). The energy of the latter transition is in quasiresonance with that of the n = 9 → n = 14 transition of the 11.3 nm Co nanotrack. The energy transfer in these conditions operates at high efficiency, by the mechanism we already discussed. We expect that the excitation is distributed homogeneously over the nanotrack, with the population inversion created with respect to the n = 10 level causing superemission along the nanotrack surface towards both of its ends. Similar results are frequently obtained for the active optical media used in laser thechnology. 25 Note that no superemission was observed for the n = 9 ← n = 11 transition of the 7.3 nm Co nanolayer. This is probably caused by fast energy transfer to the nanotrack. However, superemission was observed earlier 17 for a homogeneous Cr nanolayer, with excitation by a laser beam focused into a narrow line. The superemission in this case was observed along the thin pumped rectangle, with the emission times much shorter than the energy transfer rates along the Cr layer.
Conclusions
We reported that a structured Co nanolayer can work as a light energy concentrator. We found that the concentrated emission quantum yield is dependent on the excitation energy, decreasing for higher photon energies: 0.73 at 528.5 nm; 0.58 at 376.5 nm; 0.39 at 286.9 nm. We analyzed the values of the nr em k , 2 , 2 τ parameter, concluding that the radiationless decay rate constant of the nanotrack states increases with the excitation energy. We developed a simple model for the energy transfer from the thinner nanolayer (7.3 nm) to a thicker nanotrack (11.3 nm), describing the experimental results with acceptable accuracy. We conclude that similar devices on a larger scale may be used for solar energy harvesting. 
